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ABSTRACT 
P 4 

The Saturn Block I Dynamic Test Vehicle (SA-D1) was subjected t o  
lateral, t o r s i o n a l ,  and longi tudina l  bending mode tests. Transfer  
func t ions ,  r e l a t i n g  sensor output  t o  shaker fo rce  input ,  w e r e  obtained 
t o  a i d  t h e  A s t r i o n i c s  Divis ion i n  t h e  design of veh ic l e  con t ro l  system 
networks. 

The r e p o r t  conta ins  bending mode shapes and frequencies  wi th  damp- 
ing f a c t o r s  a s soc ia t ed  wi th  each mode. 

Tests were performed a t  f i v e  separa te  weight condi t ions  as follows: 
L i f t - o f f ,  10 seconds, 35 seconds, Q max, and Cut-off.  

T e s t  r e s u l t s  i n d i c a t e  a f ac to r  of s i x  e x i s t s  between engine c o n t r o l  
frequency and the  lowest veh ic l e  bending frequency, thus minimizing t h e  
p o s s i b i l i t y  of severe engine-vehicle coupling. 
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EXPERIMENTAL VIBRATION PROGRAM ON A FULL SCALE SATURN SPACE VEHICLE 

Charles  E .  Watson & Kay W. Slayden 

SUMMARY 

The Saturn Block I Dynamic Test Vehicle (SA-D1) w a s  subjec ted  t o  a 
ground v i b r a t i o n  survey i n  the  simulated f r e e - f r e e  condi t ion.  Transfer  
func t ions  obtained were used t o  aid t h e  A s t r i o n i c s  Divis ion i n  the  des ign  
of c o n t r o l  system networks., 

Lateral bending mode frequencies  increased from 2.20 cps,  t h e  
L i f t - o f f  f i r s t  mode, t o  near  12 cps, t he  Q max t h i r d  mode. A g r e a t  d e a l  
of i n t e r a c t i o n  and coupl ing was derived from separate ou te r  tank bending 
mode f requencies  which a t  Q max ( f l i g h t  cond i t ion  corresponding t o  m a x  
dynamic pressure)  obscured the  second bending mode e n t i r e l y .  F i r s t  
t o r s i o n a l  bending mode increased from 5.69 cps  a t  L i f t - o f f  t o  7.91 cps  a t  
Cut-off .  A l l  f requencies  found a r e  s u f f i c i e n t l y  above t h e  expected 
c o n t r o l  frequency. 

Damping f a c t o r s  obtained averaged "g" - 2.40 percent. 

SECTION I. INTRODUCTION 

The Sa turn  Block I Dynamic Test Vehicle  (SA-D1) i s  a f u l l  s c a l e  
pro to type  of SA-1, NASA's  f i r s t  Saturn F l i g h t  Tes t  Vehicle. 
c o n s i s t s  of  a 75-foot booster  (S-I )  composed of a 105-in. diameter c e n t e r  
LOX tank enc i r c l ed  by e igh t  70-in. diameter a l t e r n a t i n g  f u e l  and WX con- 
t a ine r s .  Mounted a f t  of t h e  conta iners  and through t h e  t h r u s t  frame 
s e c t i o n  are e igh t  l i q u i d  rocke t  engines r a t e d  a t  165,000 l b  t h r u s t  each. 
Forward of  t h e  booster  and second s t a g e  adapter  are two dummy s tages ,  
S- IV and S-V respec t ive ly ,  containing water b a l l a s t  tanks r ep resen t ing  
the  c o r r e c t  weight, cen ter  of g rav i ty  and moment of i n e r t i a  of f u t u r e  
powered upper s tages .  The m o s t  forward po r t ion  of t h e  v e h i c l e  i s  an  
instrument  compartment and a d m y  payload making the  e n t i r e  v e h i c l e  

The v e h i c l e  

. 
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163 f t  long, weighing 305,614 l b  empty and 933,730 l b s  a t  L i f t - o f f .  
FIGURE 9 shows a comparison of t he  v a r i a t i o n  i n  weight and c e n t e r  of 
g r a v i t y  between SA-1 and SA-Dl versus  f l i g h t  time. 

The purpose of t h e  experimental  v i b r a t i o n  program i s  t o  e x c i t e  t h e  
veh ic l e  through a frequency range s u f f i c i e n t  t o  determine t h e  s i g n i f i c a n t  
f r e e - f r e e  l a t e r a l ,  t o r s i o n a l  and l o n g i t u d i n a l  mode shapes, f requencies ,  
and a s soc ia t ed  damping c o e f f i c i e n t s .  Knowledge of t h e s e  i s  r equ i r ed  
because of t h e i r  e f f e c t s  on t h e  v e h i c l e  c o n t r o l  s t a b i l i z i n g  networks. 

In cooperation wi th  F l i g h t  Dynamics personnel  i n  t h e  A s t r i o n i c s  
Div is ion ,  t r a n s f e r  func t ions  were obta ined  f o r  t h e  f i r s t  t h r e e  bending 
modes and the f i rs t  t o r s i o n a l  mode express ing  amplitude and phase of 
r a t e  gyro outputs  a t  four  l o c a t i o n s  ve r sus  lateral  fo rce  input  a t  t h e  
engine gimbal plane. 

Five vehic le  condi t ions  were t e s t e d  t o  o b t a i n  t h e  v a r i a t i o n  of 
bending frequencies  during powered f l i g h t .  
a r e  as follows: 

F l i g h t  t i m e  cond i t ions  t e s t e d  

T = 0 ( L i f t - o f f )  

T = 10 seconds 

T = 35 seconds 

T = 63 seconds (Q max) 

T = 119 seconds (Cut-off)  

The tanks were f i l l e d  wi th  deionized water and t h e  c o r r e c t  weight 
was simulated wi th in  3 percent  a t  each f l i g h t  time mentioned. 

SECTION 11. DESCRIPTION 

A. TEST SETUP 

To simulate a f r e e - f r e e  condi t ion  t h e  v e h i c l e  was suspended i n  t h e  
Dynamic Test Stand, shown i n  t h e  photograph, FIGURE 2. The suspension 
system cons is ted  of cab le s  running upward from t h e  o u t r i g g e r  p o i n t s  
loca ted  i n  t h e  t a i l  s e c t i o n  of the  v e h i c l e  through a group of twelve 
sp r ings  t o  a hydraul ic  cy l inde r  fas tened  a t  t h e  72 - f t  l e v e l  of t h e  tower. 
Eight  hydraul ic  cy l inde r s  were used t o  raise t h e  v e h i c l e  c l e a r  of i t s  
hold-down s t r u c t u r e ,  a d i s t a n c e  of approximately 1-1/4 inches. 
photographs, FIGURES 3, 4 ,  and 5 and t h e  drawing i n  FIGURE 1. FIGURE 
4 shows the  new lower suspension l i n k  developed dur ing  t h e  tes t  program. 
The new connecting l i n k  has  only 1 / 5  t h e  weight of t h e  o r i g i n a l  connect- 
ing l i n k ,  but because of i t s  la te  in t roduc t ion  i n t o  t h e  test  program, only 
t h e  10-second and Empty t i m e  cond i t ions  were t e s t e d  wi th  it. The spr ings  

See t h e  
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presen t  i n  each of t he  e i g h t  suspension assemblies provided a r e l a t i v e l y  
s o f t  suspension system having a t o t a l  maximum lateral  spr ing rate of 
626#/in. and a t o t a l  v e r t i c a l  spring rate of 625,50O#/in. 

Ca lcu la t ions  done p r i o r  t o  t h e  tes t  showed t h a t  a r a t i o  of a t  least 
20 t o  1 e x i s t e d  between expected first bending mode frequencies  and t h e  
r i g i d  body t r a n s l a t i o n a l  frequency of t he  v e h i c l e  and suspension system. 
This  r a t i o  w a s  s a t i s f a c t o r y ,  because normally an attempt is made t o  keep 
the  r a t i o  a t  10 t o  1 o r  g rea t e r .  However; t h e  r i g i d  body rocking 
frequency of the  veh ic l e  about i t s  c e n t e r  of g r a v i t y  proved t o  be some- 
what higher ,  thus lowering the r a t i o  of separat ion.  In order  t o  keep 
the  r a t i o  as high as  poss ib le ,  the suspension w a s  va r i ed  along wi th  the  
va r ious  time p o i n t s  tested. 

F i r s t  bending mode frequency t o  rocking frequency r a t i o s  determined 
dur ing  lateral  tests are l i s t e d  i n  Table I, below. 

TABLE I 

TIME - PITCH YAW - 
L. 0. 6.41 7.20 

.10 sec.  6.96 7.63 

35 sec.  8.02 8.56 

Q max 11.55 9.12 

Empty 6.70 6.08 

The r i g i d  body r o t a t i o n a l  frequency t o  f i r s t  t o r s i o n a l  mode r a t i o  
was s a t i s f a c t o r y  and remained above 20 t o  1 f o r  a l l  t o r s i o n a l  tests 
performed. 

This r a t i o  f o r  the  longi tudinal  tes t  conducted w a s  5.16 t o  1. This  
value i s  low because it i s  i n  d i r e c t  l i n e  of the  spr ing suspension system 
and when consider ing the  l a rge  mass involved, t he  r a t i o  i s  r a t h e r  good. 

The sketch shown i n  FIGURE 10 g ives  a d e s c r i p t i o n  of the seven 
v a r i a t i o n s  i n  suspension used f o r  a l l  test r e s u l t s  included i n  t h i s  
r e p o r t .  This  sketch a l s o  shows t h e  two p r i n c i p a l  planes of e x c i t a t i o n ,  
namely, t he  yaw plane and the  p i t c h  plane -F 22%' r e f e r r e d  t o  as t h e  
p i t c h  plane throughout the repor t .  
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B. INSTRUMENTATION AND CONTROL 

Instrumentat ion used on previous v i b r a t i o n  tests w a s  composed of 
v e l o c i t y  pickups, having n a t u r a l  frequency of 6 cps ,  mounted on t h e  
veh ic l e  i n  c r i t i c a l  l o c a t i o n s  and roving pickups were used t o  e s t a b l i s h  
nodal po in t s ,  Thei r  use i n  t h i s  test  w a s  p roh ib i t ed  because of t h e  
frequency range i n  which the  major p o r t i o n  of t h e  i n v e s t i g a t i o n  w a s  
c a r r i e d  out,  namely, 0 - 10 cps.  

I 

S t r a i n  gage br idge  type,  one "G", acce lerometers  were used wi th  
reasonable  success  dur ing  t h i s  test .  
c a l i b r a t i n g  accelerometer  and a t y p i c a l  test  accelerometer  was equal  t o  
1.0 ( f l a t  response) up t o  10 cps ;  above t h i s  t h e  r a t i o  va r i ed  between 
1.05 and 0.95 a t  15 cps ,  o r  1.0 and 0.90 a t  20 cps .  The phase l a g  
equal led  30 degrees  a t  1 2  cps. S u f f i c i e n t  c a l i b r a t i o n  d a t a  w a s  a v a i l a b l e  
t o  c o r r e c t  o r i g i n a l  test  d a t a  f o r  t hese  e f f e c t s .  The ma jo r i ty  of t e s t i n g  
was done a t  l e s s  than 10 cps ,  a t  "G" l e v e l s  between 0.1 and 0.5 G I s  
vector .  Accelerometer ou tpu t s  w e r e  put  through ampl i f i e r  and a s soc ia t ed  
galvanometers and read on two d i r e c t  w r i t i n g  osc i l l og raphs ,  shown i n  t h e  
photograph, FIGURE 6. 

The amplitude r a t i o  of t h e  

Power t o  d r ive  the  shakers  w a s  suppl ied from a 40-ampere amplidyne 
genera tor  modified t o  d e l i v e r  cons t an t  c u r r e n t  w i th  an  increased response 
t i m e  f o r  operat ion i n  the  frequency range of 0 - 15 cps  and an  e l e c t r o n i c  
power ampl i f ie r  f o r  use above 15 cps.  

A system of four  shakers  was a v a i l a b l e  f o r  use  i n  determining 
l a t e r a l  and t o r s i o n a l  mode shapes. Each new t i m e  cond i t ion  w a s  i nves t -  
iga ted  using two o r  t h r e e  shakers ,  depending on the  mode i n  ques t ion ,  a t  
300 t o  400 l b  
mode shapes were e s t a b l i s h e d .  

vec tor  each; and by varying t h e  phase of t h e  shakers ,  

Or ig ina l  mode shape s t u d i e s  w e r e  followed by t r a n s f e r  func t ion  
determinat ions during which e i t h e r  t he  1500-lb shaker or  two 500-lb 
long s t roke  shakers ,  loca ted  a t  t h e  gimbal p lane ,  w e r e  operated a t  fo rce  
l e v e l s  of approximately 1000 l b  vec to r .  The 1500-lb shaker and t h e  two 
500-lb shakers were used i n  t h e  p i t c h  and yaw planes ,  r e spec t ive ly .  The 
photograph i n  FIGURE 7 shows the  1500-lb shaker i n  t h e  c e n t e r  and one of 
t he  500-lb shakers  on t h e  l e f t .  

The two 500-lb shakers  w e r e  operated out  of phase f o r  t o r s i o n a l  
t e s t s  and in phase beneath t h e  Fin I and I1 o u t r i g g e r s  f o r  t h e  long- 
i t u d  i n a l  t e s t  s per  formed . 

Resonant f requencies  were determined, dur ing  these  runs ,  w i th  rate 
The rate gyro was gyro and armature c u r r e n t  ou tput  on an osc i l l o scope .  

used i n  preference t o  an accelerometer  because i t  has  no apprec i ab le  
phase l a g  below 25 cps .  The bending mode diagrams presented  i n  t h i s  
r e p o r t  were taken from these  runs .  

c 
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The frequency response curves shown w e r e  obtained from incremental 
sweeps run through the  f i r s t  bending mode. 
were converted t o  t h e  per iod (T) i n  seconds, and during a sweep, an 
e l e c t r o n i c  counter w a s  used t o  e s t a b l i s h  pe r iods  w i t h i n  the  r equ i r ed  
to l e rance .  

Increments of 0.01 t.002 cps 

Usually, sweeps were l i m i t e d  t o  a bandwidth of one cycle .  

C. TEST RESULTS 

1. General.  The most d i s t i n c t  mode shapes, taken wi th  the  s o f t e s t  
suspension system, are shown p l o t t e d  on an o u t l i n e  of t he  v e h i c l e  i n  
FIGURES 16 - 77. The curves coordinates  are "G" (peak t o  peak) ve r sus  
v e h i c l e  s t a t i o n  and pickup locat ion.  Node p o i n t s  are marked on t h e  l e f t  
of  t h e  s t a t i o n  o rd ina te s .  Mode shapes of t h e  o u t e r  tanks instrumented 
are shown adjacent  t o  t h e  primary s t r u c t u r a l  mode. 

A comparison of SA-D1, Langley model and s i n g l e  beam t h e o r e t i c a l  

These d a t a  
mode shapes and frequencies  i s  made f o r  f i r s t  and second bending modes 
at '  t h e  L i f t - o f f ,  Q max, and Empty f l i g h t  t i m e  condi t ions.  
are p l o t t e d  on the  corresponding S A - D l  mode shape i n  FIGURES 16, 21, 38 ,  
40, 4 3 ,  and 4 4 .  

The f i r s t  bending mode shapes agree c l o s e l y  from the  th ree  sources;  
however, t h e o r e t i c a l  f i r s t  bending frequencies  are lower than both SA-Dl 
and Langley. There e x i s t s  considerable  d i f f e r e n c e  i n  t h e  second bending 
mode shapes, with both Langley and the  t h e o r e t i c a l  showing notably more 
response than SA-D1. It i s  suspected t h a t  outboard.  engine a c t i v i t y  
throughout t h i s  frequency range may be causing t h i s  d i f f e r e n c e  i n  response,  
which i s  r e p r e s e n t a t i v e  of t he  f l i g h t  veh ic l e .  The second bending 
frequency va lues  have less percent d i f f e r e w e  than the  f i r s t  mode values ,  
w i t h  t h e  t h e o r e t i c a l  second bending va lues  being lowest. 

The Langley model e x h i b i t s  a c h a r a c t e r i s t i c  second bending a t  t h e  
Q m a x  time condi t ion,  while  t h e  SA-Dl mode shape shows t h e  o u t e r  tanks 
o u t  of phase wi th  t h e  primary s t ruc tu re .  T e s t  r e s u l t s  i n d i c a t e  t h e  
o u t e r  p rope l l an t  tanks of t he  Langley model have g r e a t e r  s t i f f n e s s  than  
those i n  SA-D1. 

FIGURE 8 shows how l a t e r a l  bending frequencies  vary wi th  inc reas ing  
f l i g h t  t i m e .  
obtained with hard and s o f t  suspension systems and t o r s i o n a l  resonant  
f requencies  obtained wi th  a s o f t  suspension system. 

Table I1 gives a comparison of l a te ra l  resonant  f requencies  

An experimental  i n d i c a t i o n  of t h e  e f f e c t  of v e h i c l e  suspension 
s t i f f n e s s  on t h e  t r u e  f r e e - f r e e  f i r s t  bending resonant  frequency i s  
given by FIGURE 15. I n  one case t h e  v e h i c l e  ( f i r s t  s t a g e  empty) w a s  SUS- 

pended from four suspension po in t s  producing a r e s t o r i n g  moment of 
3 .15  x lo9  in .  - #/radian.  
frequency w a s  3.12  cps. 
.538 x lo9  i n .  - # / rad ian  wi th  a corresponding f i r s t  bending resonant  
frequency of 2 .95  cps.  

The corresponding f i r s t  bending resonant  
I n  t h e  o t h e r  case t h e  r e s t o r i n g  moment w a s  



* 



Both these frequency values  were obtained with t h e  modified l i g h t -  
, .  

weight suspension system, and due t o  t h e  f a c t  t h a t  no i n t e r f e r e n c e  w a s  
obtained from suspension cab le  "string" resonances i n  e i t h e r  case, t h e  
change i n  f requencies  obtained was due almost e n t i r e l y  t o  change i n  
s t i f f n e s s .  
bending frequency can be deduced as follows: 

With t h e  foregoing assumption,the t r u e  f r e e - f r e e  f i r s t  

o r ,  f o r  s m a l l  changes i n  wn and K 

Th i s  r e l a t i o n  i s  p l o t t e d  i n  FIGURE 15 y i e l d i n g  2.93 f o r  t he  t r u e  f r e e -  
f r e e  f i r s t  bending frequency as  aga ins t  2.95 obtained with the  s o f t  
sp r ing  r e s t o r i n g  system. 

2. Lateral T e s t s  

a. F i r s t  Bending Modes. I n  gene ra l ,  t he  primary mode shapes 
are considerably a f f e c t e d  by coupling of t he  ou te r  t anks  with t h e  v e h i c l e  
when t h e i r  i nd iv idua l  resonant  frequencies occur near one another.  More 
s p e c i f i c a l l y  t h e  f i r s t  bending mode shapes i n  Figures  16,  24, 46 ,  and 53 
show the re  are no uncoupled f i r s t  bending mode shapes a t  t h e  L i f t - o f f  and 
10 seconds f l i g h t  time condi t ions.  I n  each case t h e r e  i s  e i t h e r  an 
o u t e r  LOX o r  ou te r  f u e l  tank out  of phase wi th  the  cen te r  tank. These 
modes w e r e  chosen because they are t h e  lowest veh ic l e  resonance found i n  
each series. 
modes with a l l  measured ou te r  tanks i n  phase with t h e  cen te r  tank. The 
f i r s t  bending mode at t h e  35 seconds t i m e  cond i t ion ,  shown i n  FIGURE 32, 
appears r e l a t i v e l y  c l ean ;  however, i t s  decay curve e x h i b i t s  an abnormally 
high value f o r  s t r u c t u r a l  damping. The frequency response diagram i n  
FIGURE 13 shows a resonant  peak whose response i s  only one-half combined 
w i t h  a band width t w i c e  t h a t  of  other time cond i t ions  p l o t t e d ,  and 
exp la ins  the  occurrence of the high s t r u c t u r a l  damping f a c t o r .  The broad 
band resonant  peak i s  maintained by c l o s e l y  coupled o u t e r  tank resonance 
and p l aces  the  f i r s t  bending mode a t  35 seconds i n  a c l a s s  w i th  the  L i f t -  
o f f  and 10 seconds f i r s t  bending modes. FIGURES 11 - 15 are frequency 
response diagrams f o r  t he  f i v e  t i m e  cond i t ions  t e s t e d ,  and show the  
r e l a t i v e  anp l i tude  of t he  primary s t r u c t u r e  and o u t e r  tanks obtained 
from incremental  sweeps through the f i r s t  v e h i c l e  resnnance. These 
response curves a i d  and subs t an t i a t e  r e su l t s  determined from t h e  mode 
shape diagrams, and show t h a t  the c l ean  resonant  peaks f o r  Q m a x  and 
Empty are unique, and degenerate i n t o  more complex form with inc reas ing  
tank f u l l n e s s .  

F i r s t  bending modes a t  Q m a x  and Empty are c l ean  normal 
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FIGURE 11 is  the  frequency response curve f o r  t h e  f i r s t  mode a t  
L i f t - o f f .  This mode was peaked a t  2.20 c p s  wi th  the  rate gyro, f o r  t h e  
mode shape shown i n  FIGURE 16, while f u e l  and LOX tank ind iv idua l  f i r s t  
bending modes were e s t ab l i shed  a t  2.21 cps and 2.32 cps,  r e spec t ive ly .  
The response curve shows the  f i r s t  bending mode a t  2.17 cps and s l i g h t l y  
higher a t  2 . 1 8  cps i s  the  only o u t e r  LOX tank resonance wi th in  t h i s  range. 
The f u e l  tank resonance, when coupled with t h e  v e h i c l e  shows up a t  2 .28  cps .  . 
These are followed by weaker ou te r  tank resonances between 2.4 and 
2.44 cps with the next s t ronges t  resonance a t  2.85 cps,  t h e  LOX tank i n  
resonance in the  t a n g e n t i a l  d i r e c t i o n .  Fuel tank t a n g e n t i a l  was not 
monitored during t h i s  sweep. The 10 seconds response curve,  see FIGURE 
1 2 ,  i s  equal ly ,  i f  not more, complex than t h a t  found a t  L i f t - o f f .  

b. C lus t e r  Modes. C lus t e r  modes are apparent between the  
f i r s t  and second bending modes a t  L i f t - o f f ,  10 seconds, 35 seconds, and 
Q max. The f i r s t  c l u s t e r  mode i s  d i s t ingu i shed  by having only one node 
on the  primary s t r u c t u r e  wi th  a l l  ou te r  tanks measured out  of phase with 
the  c e n t e r  tank, The second c l u s t e r  mode shows t h e  c h a r a c t e r i s t i c  second 
bending mode on t h e  p r i m a r y  s t r u c t u r e ;  however, i n  p i t c h ,  t h e  ou te r  LOX 
tank ill and outer  f u e l  tank ill are  i n  phase wi th  the  c e n t e r  tank, but  
ou te r  f u e l  tank #4 i s  out of phase. In t h e  yaw plane,  ou te r  LOX tank 
#4 and outer  f u e l  tank 414 are i n  phase wi th  t h e  c e n t e r  tank but  ou te r  
f u e l  tank ill i s  out  of phase. Frequency f l i g h t  t i m e  curves,  shown i n  
FIGURE 8 ,  shows t h e  slope of t h e  c l u s t e r  mode curves inc reas ing  r a p i d l y  
toward the  second veh ic l e  mode l i n e  causing complex mode coupling i n  t h e  
v i c i n i t y  of t he  high end of t he  c l u s t e r  mode curves,  w i th  t h e  consequence 
t h a t  no second bending mode w a s  found a t  t h e  Q max condi t ion.  The 
resonant point c l o s e s t  t o  second bending a t  t h e  Q max condi t ion was found 
a t  7.83 cps,  b u t  by d e f i n i t i o n ,  i s  a second c l u s t e r  mode. 

c .  Second Bending Modes and Engines. A l l  second bending 
modes, excluding the  Q max t i m e  condi t ion,  are s t rong,  c l ean  modes, and 
i n  gene ra l ,  have low s t r u c t u r a l  damping f a c t o r s .  

The outboard engine c a n t i l e v e r  resonant f requencies  were increased 
from around 6 c p s  t o  9 .0  and 8 . 3  cps i n  t h e  p i t c h  and yaw planes,  
r e spec t ive ly ,  by bracing the  a c t u a t o r  support arms be fQre  o v e r a l l  veh ic l e  
t es t s  began. Because it was impossible t o  increase engine resonance above 
10 cps o r  out of t h e  suspected c r i t i c a l  frequency range, highly damped 
hydraul ic  con t ro l  valves  were placed i n  t h e  engine c o n t r o l  system t o  dampen 
o r  l i m i t  response peaks and cause wide resonant peaks i n  t h i s  freqclency 
range. However, when coupled with v e h i c l e  resonances,  engine resonances,  
a t  some degree of buildup, are  found anywhere between 6 and 10.6 cps.  
This  frequency range covers  t h e  ma jo r i ty  of second bending frequencies;  
and diagrams of  t h e  second bending modes f o r  L i f t - o f f  and 35 seconds i n  
the  p i t c h  plane and L i f t - o f f ,  10 seconds, and 35 seconds i n  t h e  yaw 
plane show a r e v e r s a l  of t he  mode shape below t h e  lowest node po in t .  
This e f f e c t  i s  a t t r i b u t e d  t o  s t rong out  of phase motion of t h e  engines 
a c t i n g  as  mechanical dampers. 
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d. Higher Bending Modes. The frequency range from 9 t o  12 cps 
i s  complicated by ou te r  tank second bending resonances f o r  t h e  L i f t - o f f ,  
10 seconds, and 35 seconds f l i g h t  t i m e  condi t ions.  Between 11.5 t o  12 cps 
the top sec t ion ,  from S t a t i o n  1700 forward, has a s t rong  p a r t i a l  c a n t i -  
lever resonance; and v e h i c l e  resonances e x i s t i n g  i n  t h i s  frequency range, 
namely, 35 seconds and Q max t h i r d  bending modes,tend t o  couple wi th  t h e  
t o p  s e c t i o n  resonance (see FIGURES 37 and 42) .  This  frequency i s  very 
e a s i l y  e x c i t e d  and is found r i d i n g  on lower m u l t i p l e  f requencies  of 2, 
3, and 4 cps,making records d i f f i c u l t  t o  read,  t hus  in f luenc ing  amplitude 
and damping va lues  taken from mul t ip l e  and bea t ing  r eco rd  traces. 
shapes i n  t h e  frequency range from 9 - 12 cps  are divided i n t o  engine and 
t h i r d  bending modes w i t h  v a r i a t i o n s  of each, depending on ou te r  tank 
a c t i v i t y  . 

Mode 

3 .  Torsional  Vibrat ion Tests 

a. F i r s t  Torsional  Modes. The f i r s t  t o r s i o n a l  mode shapes f o r  * 

L i f t - o f f ,  35 seconds, and Empty a re  shown i n  FIGURES 75 through 77, 
r e s p e c t i v e l y .  Each has a s i n g l e  node w i t h i n  t h e  S - I  s t age ,  w i th  t h e  
o u t e r  tanks i n  phase wi th  the  primary s t r u c t u r e .  

b.  C lus t e r  Modes. The f i r s t  mode i s  followed by a c l u s t e r  
mode t h a t  i s  cha rac t e r i zed  i n  a manner s imi l a r  t o  those found i n  l a te ra l  
tests.  There i s  no node on t h e  primary s t r u c t u r e  and t a n g e n t i a l  pickups 
on t h e  o u t e r  tanks show them ou t  of phase w i t h  t h e  primary s t r u c t u r e .  
Th i s  type mode i s  found i n  t h e  L i f t -o f f  and 35 seconds t i m e  condi t ions.  

c. C lus t e r  and Engine Modes. Th i s  mode i s  exh ib i t ed  i n  t h e  
L i f t - o f f  and 35 seconds time condi t ion and c o n s i s t s  of  t h e  primary 
s t r u c t u r e  and ou te r  f u e l  tanks being i n  phase while  t h e  ou te r  LOX tanks 
and outboard engines are out  of phase. 
modes i s  very s t rong.  In the Q max cond i t ion ,  t h e  lower c l u s t e r  mode 
frequency has increased i n t o  t h e  higher frequency range, and t h i s  
cond i t ion  r e s u l t s  i n  a coupling of t h e  lower c l u s t e r  mode with the  
engines  wi th  very weak response of t h e  primary s t r u c t u r e .  

The engine response i n  these  

Higher resonant p o i n t s ,  up t o  13 cps,  c o n s i s t  of o u t e r  tank 
second bending modes f o r  heavy condi t ions and o u t e r  tank f i r s t  bending 
modes f o r  t h e  Empty condi t ion.  There are no resonant f requencies  between 
7.91 cps and 14.22 cps i n  the  Empty condi t ion.  

C lus t e r  and engine modes are accompanied by high values  of s t r u c t u r a l  
damping, which i s  discussed i n  Section 11. 
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4 .  Longitudinal T e s t  

A b r i e f  l ong i tud ina l  test  was made using two 500-lb shakers 
mounted beneath ou t r igge r s  on F ins  I and 111. The v e h i c l e  w a s  a t  t he  
10 seconds weight condi t ion,  and a r i g i d  body bouncing frequency w a s  
found a t  1.61 cps.  
8.32 cps and the  second a t  11.1 cps.  The 8.32 cps looks l i k e  a f i r s t  
mode with a node a t  S t a t i o n  1140, bu t  t h e  11.1 cps frequency a l s o  has  
only one node located a t  S t a t i o n  1300. Because of t h e  extreme t i m e  
l i m i t  placed on t h i s  phase, i t  was impossible t o  instrument t h e  v e h i c l e  
s u f f i c i e n t l y  t o  i d e n t i f y  t h e  higher mode. It i s  suspected,however, t h a t  
t h e  outboard engines i n  c a n t i l e v e r  motion may be out of phase with t h e  
base of the v e h i c l e  t o  g ive  a second node a t  t h e  11.1 cps frequency, 
g iv ing  a second mode and a cause f o r  t h e  higher  forward node p o i n t .  
S t r u c t u r a l  damping (8) equaled 8 .5  percent and 1.5 percent  on the  f i r s t  
and second frequency,, respect ively.  

Two long i tud ina l  modes were found, t h e  f i r s t  a t  

5. S t r u c t u r a l  Damping 

S t r u c t u r a l  damping f a c t o r s  (g = -) were determined experimentally 2c 

by t h e  logarithmic decrement method. %amping va lues  obtained are 
l i s t e d  i n  Table 111 

A s  seen i n  Table 111, t he  t r end  f o r  damping i s  t o  decrease wi th  
increasing bending modes. The values  are not  c o n s i s t e n t  enough t o  make 
any statement of change with increasing tank f u l l n e s s .  The c l u s t e r  
modes show a decrease i n  damping from t h e  f i r s t  t o  t h e  second. 

Values used t o  ob ta in  damping f a c t o r s  were taken from records of 
t he  forwardmost pickups un le s s  t h e i r  output was unsa t i s f ac to ry ;  then 
va lues  were taken from pickups located on another component t h a t  w a s  i n  
resonance, gene ra l ly  ou te r  LOX o r  f u e l  tanks.  The forwardmost pickups 
give a r ep resen ta t ive  damping f a c t o r  f o r  t h e  e n t i r e  v e h i c l e ,  bu t  t h i s  i s  
not  necessa r i ly  t r u e  f o r  ou te r  tank loca t ions .  

D.smping f a c t o r s  w e r e  obtained from a l l  pickup loca t ions  on two 
f i r s t  bending records,  one f o r  L i f t - o f f  i n  t h e  p i t c h  plane and t h e  o the r  
f o r  L i f t -o f f  i n  t h e  yaw plane; t h e  average "g" value compared with "g" 
from t h e  top pickup i s  as  follows: 

C 
cc  S t r u c t u r e  Damping Factor  %g = 2 - X 100 

Pi t ch  Plane 
Yaw Plane 

Average 
2.52 
4.13 

P.U. #35 
2.71 
4.41 
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Because s t r u c t u r a l  damping i s  p ropor t iona l  t o  displacement,  damping 
f a c t o r s  were determined from t h e  f i r s t  t e n  c y c l e s  a f t e r  armature cu r ren t  
cut-off  so damping from sepa ra t e  runs  would be comparable. Various 
inf luences present t h a t  might cause t h e  damping f a c t o r s  l i s t e d  i n  Table 
I11 t o  vary from t h e  expected t r ends  are as follows: 

a .  F i r s t  and t h i r d  modes a l r eady  mentioned w i t h  regard t o  
o u t e r  tank coupling, whether i t  be f i r s t  o r  second bending i n  t h e  ou te r  
tanks,  have higher damping f a c t o r s  than would be expected i f  they were 
pure modes. 

b.. The second bending modes, i n  gene ra l  c l ean  modes, are 
a f f e c t e d  by engine resonances which inc rease  o r  decrease damping f a c t o r s ,  
depending upon the  phase r e l a t i o n  of t he  engines with rgspec t  t o  the  t a i l  
of t he  vehicle .  The phase angle  can vary from 0 t o  180 depending upon 
what p a r t  of t he  engine resonance curves the  mode frequency coincides  
with.  

The decrease i n  damping f a c t o r  w i th  inc reas ing  bending mode i s  due 
mainly t o  the decrease i n  amplitude a s soc ia t ed  wi th  higher modes. The 
decrease i n  damping from f i r s t  t o  second c l u s t e r  mode i s  caused by 
decreased r e l a t i v e  motion i n  the  ou te r  tanks i n  t h e  second c l u s t e r  mode. 

The general  increase i n  damping f a c t o r  from t h e  p i t c h  plane t o  yaw 
plane i s  due i n  p a r t  t o  l a r g e r  amplitudes of v i b r a t i o n  caused by longer 
s t roke  shakers, but  a l s o  due t o  t h e  geometry of ou te r  tanks along the  
two d i f f e r e n t  planes of v i b r a t i o n .  The p i t c h  plane i s  t h e  more r i g i d  
because of t h e  symmetric l oca t ion  of  o u t e r  LOX tanks.  

F lu id  movement ( s lo sh )  i nc reases  v e h i c l e  s t r u c t u r a l  damping f a c t o r s .  
S t r u c t u r a l  damping f a c t o r s  appear t o  decrease i n  ou te r  p rope l l an t  tanks 
when s losh  frequencies  and ou te r  tank frequencies  couple. The f l u i d  
movement suppl ies  t he  energy t o  d r i v e  the  tank a f t e r  shaker c u t - o f f ,  
r e s u l t i n g  in  osc i l l og raph  records t h a t  show a very low r a t e  of o s c i l l a t i o n  
decay. 

Damping values  of t h e  f i r s t  t o r s i o n a l  mode are  comparable t o  those 
i n  l a t e r a l  tests,  except f o r  t he  Empty condi t ion.  C lus t e r  and engine 
modes are very highly damped,which i s  a c h a r a c t e r i s t i c  of t h e  engines and 
due t o  an increased r e l a t i v e  motion of o u t e r  tanks i n  t h e  t o r s i o n a l  
d i r e c t i o n .  The t o r s i o n a l  t e s t  subjected connecting p i n s  i n  t h e  forward 
end of the f u e l  tank t o  motion i n  l i n e  with them as  opposed t o  perpendi- 
c u l a r  t o  a l i n e  through them i n  r a d i a l  e x c i t a t i o n  causing t h e  inc rease  
i n  r e l a t i v e  motion during t o r s i o n a l  tes ts .  

, 
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6 .  Cable Resonances 

Cable resonances became annoying when they occurred near  v e h i c l e  
bending resonances.  
suspension and aga in  a t  Q max with 8 po in t  suspension; however, v a l i d  
d a t a  w a s  obtained f o r  Q m a x  using four  p o i n t  suspension. Cable resonances 
occurred aga in  i n t e r m i t t e n t l y  a t  the  t h r e e  o the r  time conditions,depend- 

' 

i ng  on the  suspension system used. Usually the  s o f t e s t  suspension f o r  
35 seconds, 10 seconds, and L i f t - o f f  r a i s e d  the  t ens ion  i n  four  of t he  
c a b l e  assemblies  so t h a t  t h e i r  resonances occurred between t h e  f irst  
bending and f i r s t  c l u s t e r  modes. However, it w a s  necessary t o  r a i s e  
t h e  cab le  assembly frequency, so a new lower l i n k  was designed t h a t  u ses  
only one suspension cable  and weighs only 1 /5  the  amount of t h e  o r i g i n a l  
lower connection l i n k .  This  decrease i n  e f f e c t i v e  cable  mass and inc rease  
i n  cable  t ens ion  r a i s e d  cable  f requencies  again.  
t h e  10-second and Empty condi t ions,  t he  two cond i t ions  f e l t  t o  be most 
a f f e c t e d  by cab le s ,  were r e run  with the  new suspension l i n k s  providing 
r e l i a b l e  test  r e s u l t s  from the  f ive  time cond i t ions  t e s t e d .  

This  was f i rs t  not iced  Empty wi th  four  poin t  

A s  explained earlier, 

Cable resonance i s  not expected t o  be a problem i n  SA-D5 dynamic 
tests and i s  explained i n  the  Appendix. 

SECTION 111. CONCLUSIONS AND RECOMMENDATIONS 

A frequency spectrum would show no resonant  bending f requencies  
below 2 cps ,  t hus  
o f f  f i r s t  l a t e r a l  mode and t h e  expected v e h i c l e  c o n t r o l  system frequency. 
F i r s t  t o r s i o n a l  modes s t a r t  a t  5.69 cps  and a l t o g e t h e r  have a higher  
average damping f a c t o r  than l a t e r a l  modes. These two f a c t o r s  i n d i c a t e  
t h a t  t o r s i o n a l  modes have l i t t l e  e f f e c t  on con t ro l  problems. 

leaving approximately a f a c t o r  of 6 between t h e  L i f t -  

Tank s l o s h  f requencies  a r e  present  i n  t h e  range of t he  c o n t r o l  
system frequency; however, s lo sh  b a f f l e s ,  p re sen t  i n  t h e  tanks,  l i m i t  
s l o sh  bui ldup e f f e c t i v e l y ,  and the s lo sh  f requencies  increase  wi th  
inc rease  i n  long i tud ina l  acce le ra t ion .  

General ly  speaking, l a t e r a l  damping f a c t o r s  decrease with inc reas ing  
bending mode and c l u s t e r  mode frequency. The average l a t e r a l  damping 
f a c t o r  obtained dur ing  t h e  t e s t  i s  "g" 2.4 percent. Average I'g" va lues  
from t o r s i o n a l  tests a r e  4.36  percent. 

U s e  of t he  new lower connecting l i n k  r a i s e d  bending frequencies  
approximately 1 percent  because of  t h e  l a r g e  weight decrease near t he  
t a i l  o f  t h e  v e h i c l e  and because of t h e  increased  resonant  frequency o f  
t h e  cable  assemblies. 
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Resonant f requencies  obtained,  using the s o f t e s t  suspension allow- 
a b l e  i n  each case, are  est imated t o  be very c l o s e  t o  a c t u a l  f r e e - f r e e  
condi t ions by e x t r a p o l a t i o n  of r e s u l t s  obtained with hard and s o f t  
suspensions. The 0.67 percent d i f f e r e n c e ,  shown i n  the  r e p o r t  f o r  the 
Empty condi t ion,  would not  i nc rease  above a maximum of 5 percent d i f f e r -  
ence f o r  the L i f t - o f f  condi t ion.  

E f f o r t s  should be made t o  excite SA-D5 along t h e  t r u e  p i t c h  plane 
r a t h e r  than the  p i t c h  plane +22tio used i n  t h i s  tes t .  

A possibly more r e f i n e d  suspension system, c o n s i s t i n g  of 6 degrees 
of freedom f l u i d  bear ings,  i s  under cons ide ra t ion  f o r  use wi th  SA-D5 
(Block 11 Configuration).  I f  t h i s  system proves success fu l ,  it w i l l  
e l imina te  the  necess i ty  f o r  avoiding cab le  resonances. It i s  f e l t  t h a t  
t h e  suspension system used f o r  S A - D 1 ,  however, c r e a t e d  no s i g n i f i c a n t  
e r r o r s ,  and with refinements made poss ib l e  by the experience gained i n  
t h e  S A - D l  program, can be very success fu l ly  u t i l i z e d  f o r  SA-D5.  
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MTP-P&VE- S- 67- 3 

FIGURE 1. DRAWING OF SA-Dl IN THE TEST TOWER 
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FIGURE 2. INSTALLATION IN THE TEST TOWER 
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FIGURE 5.  NEW LOWER CONNECTION LINK 
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FIGURE 7. ELECTRO-DYNAMIC SHAKERS 
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2N.SEE NOTE I 
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3N SEE NOTE I 
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NOTE: I 

REFERENCE NUMBERS FOLLOWED BY (N) INDICATE 

SUBSTITUTION OF THE NEW LOWER CONNECTING 
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VEHICLE FREQUENCY RESPOMSE CURVE 
TbNKS LIFT -OFF 
MODE I" BENDING 
FREOUEWCY 2 0 - 3 0  CP6 
SUSPENSION 2 

FREQUENCY -CPS MTP- P&VE- S- 62- 3 
FIGURE 11. VEHICLE FREQUENCY RESPONSE CURVES 
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MTP- PhVE- S- 62- 3 
FIGURE 15. EXTRAPOLATION I'O THE FREE-FREE FREQUENCY 
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1616- 

- - I506 

-4319 

1210- 

- - 979 

~ - 869 

735- 

304 - 

--I89 

, 
.2 -.I 0 .I .2 

LOX TANK NO I FUEL TANK N0.I 
RADIAL RADIAL -- 

&- -6  
I ,  

-.2 -.I 0 .I :2 
I 

I I I -  

MODE C W E N D I N G ;  FUELUI, 2mBENDlmi 
FREQUENCY: 9.54 C p s  
DAMPING FACTOR ( 9  )= 1.56% (p 16 
SUSPENSION: 2 N 

34 35fmK-up No's 
FUEL TANK N0.4 33t TANGENTIAL 

6 0  

59 

58 

-.4 73 -.2 -.I 0 . I  2 .?I .4 
ACCELERATION G'S (P-PI 

M T P - P W E - S -  62- 3 - 

FIGURE 29. LATERAL BENDING MODES (PITCH PLANE) 



PITCH - 

M T P - P W E - S - 6 2 - 3  

MISS I L E 
STATIONS, INS. 

1951 

1854 

1735 

1506 

1319 

979 

,869 

-189 

1638 

I339 

60( 

2 54 

1874 LBS 
-95 ( P P )  ' 
-0 

TANKS: IO SECS. 
MODE:. t 3W BENDING; LOX I, 2P  BENUNO 
FREQUENCY: Io. 12 cps 
DAMPING FACTOR (Sb2 .47% @7 
SUSPENSION: 2 N 

PICK-UP NO'S 

FUEL TANK N0.4 

32 - -  
31 - -  

29.- 
28.- 
27- -  

26- 

25-- 

I 

I *: : : : - :  : i 
-.4 3 -2 -.I 0 .I * .z .s .4 

ACCELERATION G'S (P-P) 
-__- 

FIGURE 30. LATERAL BENDING MODES (PITCH PLANE) 

-.2 -.I 0 .I .2 



45 

PITCH 

MISSILE 
STATIONS, INS. 

1611 

1506 

99g:-979 

- - 869 

580 - 

l87-- - 189 

TANKS: 10 SECS. 
MODE: WENDING 
FREOUENCY: 11.96 CpS 
DAMPING FACTOR (9  )= 1.48% @ 35 
SUSPENSION: 2N 

-PICK-UP NO'S 

-33 TANGENTIAL 

32 

31 

2s 
2e 
27 

26 
25 

23 

21 

20 

5 

4 

3 

2. 

I .  

-.4 -.3 -.2 -.I 0 .I .2 .3 .4 
ACCELERATION G'S (P-P) 

60 

58 e 
~ ; 5 7 y  ~ , 
2 -.I 0 .I .z 

LOX TANK NO. I FUEL TANK NO.l 
RADIAL RADIAL 

I :  i 

& -I O *' -* 
-.2 -I 0 .I .2 

M T P - P W E -  S- 62- 3 -___ 

FIGURE 31. LATERAZ. BENDING MODES (PITCH PIANE) 
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PITCH 

MISSILE 
STATIONS, INS. 

1431 - 

382. 

951 

854 

1735 

1506 

1319 

979 

869 

-189 

TANKS : 35 SECS. 
MODE: 10 BENDING 
FREQUENCY: 2.68 c p  
DAMPING FACTOR ( 3  )=I 1.6 % @ 35 
SUSPENSION: 2 

1718 LBS 
: 9 5 0  

-0 

PICK-UP NO'S 

34 IJf 
FUEL TANK N0.4 

3 3 1  TANGENTIAL 

32 -- 
31 -- 

29-- 
28 
27.- 

-- 

26- 

25-- 

23-- 

I y -.I 0 . I  .z 

-,4 3 -.2 -.I 0 .I .2 .3 .4 
ACCELERATION G'S (P-P) MTP-P&VE-S- 62- 3 

___ _ _ _ _ _  ~ __ - 

FIGURE 3 2 .  LATERAL BENDING MODES ( P I T C H  PLANE) 



- 
TANKS: 35 SECS. 
MODE: W CLUSTER 
FREQUENCY: 4.66 CDS PITCH 

-4 :3 -.2 -.I 0 .I .2 .3 .4 
ACCELERATION G'S (W)  

MTP- P&VE- S -  62- 3 

FIGURE 33. LATERAL BENDING MODES (PITCH PLANE) 
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PITCH 

MISSILE 
STATIONS, INS. 

1591- 

7 7 4 -  

241, 

951 

854 

'735 

1506 

319 

979 

869 

189 

2113 LRS 
95 (P-P) * 
0 1 

TANKS: 35 SECS. 
MODE: 21D CLUSTER 
FREQUENCY: 6.12 CpS 
DAMPING FACTOR ( 3  b2.09.h @ 35 
SUSPENSION: 2 

PICK-UP NO'S 

35f- 34 
FUEL TANK N0.4  

33+ TANGENTIAL 

204 LOX TANK NO. I FUEL TANK NO. I 

. .  
-.2 7 1  0 .I .2 

1 : : ; : : : : i  
-.4 -.3 -.2 -.I 0 .I .2 .3 .4 

ACCELERATION G'S ( P P I  
MTP-PWE-S-  62-3 

- 

FIGURE 3 4 .  LATERAL B E N ~ I N G  MODES (PITCH PLANE) 



. 

49 

PITCH 

MISSILE 
STATIONS, INS. 

I951 

1217 

TANKS: 35 SECS. 
MODE: 2mBENMNG 
FREOUENCY: 6-36 CpS 
DAMPING FACTOR (3)=1.04% 635 
SUSPENSION: 2 

7 PICK- UP NO'S 

FUEL TANK N0.4 
TANGENTIAL 

20-- LOX TANK NO I FUEL TANK NO 
RADIAL RADIAL 

5 - -  

4-- 

3-- 

2-- 

I - -  
I 

I 4A -.2 -.I 0 .I .2 
I 1 1  I 

- 2  :I 0 .I .2 

'. I 

1 : : : : : : : 1  -* -.3 -.2 -.I 0 .I .2 .3 .4 
ACCELERATION G'S (P-P) 

MTP-P&VE-S- 62-3 --- .-__ -- .- 
FIGURE 35. LATERAL BENDING MODES (PITCH PLANE) 



50 -__- 

I 

TANKS. 35 SECS. 
MODE 3 W  BENDING-ENGIM 
FREQUENCY: 10.72 CpS 
DAMPING FACTOR (3 ).2.35% 6 36 

PITCH 

SUSPENSION. 2 
MISSILE 

STATIONS, INS. 

1584- 

I I60 - 

638-  

2 37 

951 

854 

735 

1506 

319 

979 

869 

.I89 

2113 LBQ 
.95 (P-P) 

-0 

PICK-UP NO'S 

FUEL TANK NO 4 -. 1 
32 - -  
31 - -  

2 9  - 
28-  
27 

26- 

25- 58 

23 -- 
5 i  

lu 

60 

5 9  

I p -.I 0 . I  .z 

-.4 -.3 -.2 -.I 0 .I .2 .3 .4 
ACCELERATlOk G ' S  (P-P) 

20- LOX TANK NO I FUEL TANK NO I 
RADIAL RADIAL 

19 - 5 - -  

4 -- 

- -  18 

3-- 

1-16 

2--  

I - -  6 - 4  *- I5 
t I  1 

-.2 -.I 0 .I .2 14- 
I 
1 1 1  

I 

- 2  -I 0 I .2 

MTP-P&VE-S- 62-3 
_.-- _ -  -- 

FIGURE 36.  LATERAL BENDING MODES (PI'iCH PLANE) 



PITCH - 
MISSILE 

STATIONS, INS. 

1587- 

TANKS: 35 SECS. 
MODE: 3mBENDlffi 
FREOLIENCY: 11.62 CpS 
DAMPING FACTOR (3 b 1.75% Q 36 
SUSPENSION: 2 

PICK-UP NO'S 

'f 33 TANGENTIAL 
FUEL TANK N0.4 

20-- LOX TANK NO I FUEL TANK NO.l 
RADIAL RADIAL 5 -- 

- 
4-- 

3-- 

2-- 

I - -  
I4& -.2 -.I 0 .I .2 

1 1 1  1 

-2  -.I 0 .I .2 

-.4 3 -.2 -.I 0 ..I .z .3 .4 
ACCELERATION G'S (P-PI . .  

MTP-P&VE-S- 62- 3 - 

FIGURE 37. LATERAL BENDING MODES (PITCH PLANE) 



52 

MISSILE 
STATIONS, INS. 

TANKS. 0 MAX 
MODE: lU BENDING 
FREQUENCY: 2.83 CpS 

SUSPENSION: 3 
DAMPING FACTOR ( 9  )= 2.27% @ 35 

1399- 

2 9 4  

506 

319 

:ALCULATED- 
f = 2.15 cps 

379 

369 

189 

95 WLBSI', 
(P-P) 

0 

PICK-UP NO'S 

34 35f- 
FUEL TANK NO 4 

3 3 1  TANGENTIAL 
60 

2 9  :.( 2 7  
28 59 

25 
I 

Z1fz  -" 

I 

--+---( 
.I .z 

2 0 4  LOX TANK NO I FUEL TANK N0.I  
RADIAL RADIAL 

-.2 -.I 0 .I .2 
U 

. I  .2 

6 LANGLEY TEST POINTS 

I ! ! ! ! ! ! ! l  f =2.66 cpr 
. , . . . . . .  - 

-.4 13 -.2 -.I 0 .I .2 .3 .4 
ACCELERATION G'S (P-P) 

MTP-P&VE-S- 62- 3 
______ ____ -. -. __ ._ __ - .~ _____  

FIGURE 38. LATEpAL BENDING MODES (PITCH PLANE) 



. 

MISSILE 
STATIONS, INS. 

1584 - 

.I951 

,1854 

,1735 

1506 

1319 

979 

869 

189 

TANKS. 0 YIX 

MODE ILT CLUSTER 
FREOUENCY: 5.68 CpS 
DAMPING FACTOR ( 9  k2.41Y' @ 35 
SUSPENSION. 3 

PICK-UP NO'S 

26-- 

t : , I l  
-12 -.I 0 _I  .2 Z 1  

2 0 t  LOX TANK NO I FUEL TANK NO I 

0 
r :  I I :  f ; : 4  

-4 -.3 -.2 -.I 0 . I  .2 .3 .4 
ACCELERATION G ' S  (P-P) 

MTP-P&VE-S- 62- 3 
- -___ ~. .. 

FIGURE 39. LATERAL BENDING MODES (PITCH PLANE) 



~ 

TANKS. O W  
MODE 21p CLUSTER 

DAMPING FACTOR ( 9  )= 1.52%@ 35, 2.51% @ 3 
PITCH FREQUENCY, 7.83 CpS 

SUSPENSION: 3 

54 

TANKS. O W  
MODE 21p CLUSTER 

DAMPING FACTOR ( 9  )= 1.52%@ 35, 2.51% @ 3 
PITCH FREQUENCY, 7.83 CpS 

SUSPENSION: 3 
MISSILE 

STATIONS, INS. 

1555- 

1025- 

171 - 

CALCULATED 

35 - 
34 - 
33- 

32 . 
31. 

29. 
28 ,  
2 7 .  

26, 
25. 

23 

21 

20 

5 

4 

3 

2 

I 

14 

-PICK- UP NO'S 

FUEL TANK N0.4 
TANGENTIAL 
60 

i 
5' - 

59 

58 

b 
, . .* 
! -.I 0 .I .z 

LOX TANK NO I FUEL TANK NO 
RADIAL RADIAL 
9 

I 
6 i 7 

19 

16 

15 w I -.2 -.I 0 .I .2 
. . . - .  

-.2 -.I 0 .I .2 

1 : : : : ; : : i  
6 LANGLEY TEST POINTS 

2"d BENDING 
-,4 3 -.2 -.I 0 .I .2 .3 .4 (-7.12 cpr 

ACCELERATION G'S  (P-P) 
MTP-P&VE-S- 62-3 - 

FIGURE 40 .  LATERAL BENDING MODES ( P I T C H  PLANE) 
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PITCH 

MISSILE 
STATIONS, INS. 

-e51 

- - I854 

- - I735 

1620- 

- - I506 

--I319 

1208- 

-- 979 

-- 869 

2 6 7 7  

--I89 

TANKS: 0 MAX 
MODE: ENGINE 
FREQUENCY: 10.46 CpS 
DAMPING FACTOR ( 9  )= 1.29% @5 
SUSPENSION: I 

35 

34 

33 

32 

31 

29 
28 
27 

26 
25 

23 

21 

20 

5 

4 

3 

2 

I 

J4 

! ; : : : ; : : I  
-4 :3-> 72 -.I 0 . I  .2 .3 .4 

ACCELERATION G'S ( P P )  

-PICK- UP NO'S 

FUEL TANK N0.4  
TANGENTIAL 

60 

59 

58 

LOX TANK NO I FUEL TANK N0.I  
RADIAL RADIAL 

9 

8 

7 

6 i 
& -.I O .I .2 

- 2  - I  0 . I  .2 

MTP-P&VE-S-62-3 

FIGURE 41. LATERAL BENDING MODES (PITCH PLANE) 



6 
TANKS. Q W 
MODE : 3 W  BENDING 

DAMPING FACTOR ( 9  )= 1.36% @ % 
SUSPENSION. 3 

- PITCH FREQUENCY: 123 C p  

MISSILE 
STATIONS, INS. 

1 

1669- 

1012- 

798 - 

282-  

#51 

354 

735 

506 

319 

979 

369 

PICK-UP NO'S 

"F FUEL TANK N0.4 
33 TANGENTIAL 

I I : I : I .: : I 
-4 -.s -.2 -.I 0 .I .2 .s .4 

ACCELERATION G'S (P-P) MTP-P&VE-S- 62- 3 
- - 

FIGURE 4 2 .  LATERAL BENDING MODES (PITCH PLANE) 

e 
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. 

PITCH 

MISSILE 
STAT 

1402 - 

869 

223- 

TANKS EMPTY 
MODE lU BENDING 
FREQUENCY 2.95 CPS 
DAMPING FACTOR ( 3  )=2.4lY. @ 35 
SUSPENSION: 3 N 

95- 1910 LBS 

0 

2 1  Ji' -I 0 .I .z 

20- LOX TANK NO I FUEL TANK N0.I 
. RADIAL RADIAL 

5 -- 

-2 -I 0 I .2 

b LANGLEY TEST POINTS 
I l ! f r l l I i  f *2 66cpa 

-.4 -.3 -.2 -.I 0 .I .2 .3 .4 
ACCELERATION G'S (P-P) 

MTP-P&VE-S- 62-3 

FIGURE 4 3 .  LATERAL BENDING MODES (PITCH PLANE) 



58 

PITCH 

MISSILE 

351 

354 

735 

1606 

I242 

17: 

506 

319 

CALCULATED - 
f99.45epv 

979 

669 

-0 

TANKS. EMPTY 
MODE. 2!!! BENDING 
FREQUENCY: 9.79 C PS 
DAMPING FACTOR ( 3  1.82 @ 35 
SUSPENSION: 3 N  

PICK-UP NO'S 

FUEL TANK NO 4 

2 1  f' -" O .2 
LOX TANK NO I FUEL TANK NO I 

RADIAL RADIAL 

'T 

8 -I tj 3 

7 

I .t 
19 

\ 
1 
I 
I 

I 

I -.2 t f  :I 1 8 1  16 1 5 7  0 , : 4  I I I .I .2 

- 2  - I  0 .I .2  

0 LANGLEY TEST POINTS 

1 : : : : : : : i  f -8.9 epr 
-.4 -.3 -.2 -.I 0 _I  .2 .3 .4 

ACCELERATION G'S (P-P) MTP- P W E -  S -  62- 3 - 

FIGURE 44. LATERAL BENDING MODES (PITCH PLANE) 



. 

PITCH 

MISSILE 
STATIONS, INS. 

1595- 

958- 

532-  

1951 

1854 

1735 

1506 

I319 

979 

869 

189 

TANKS EMPTY 
MODE IS BENDING, FUEL* I 
FREQUENCY 12.14 CPS 
DAMPING FACTOR ( 9 )= 1.55% @ 35 
SUSPENSION: 3 N 

95  

0 --- 

35 

34 

33 

32 

31 

2 9  
2 8  
2 7  

2 6  

2 5  

2 3  

21 

20 

5 

4 

3 

2 

I 

1 : ; ; ; : ; ; i  
-.4 73 -.2 -.I 0 . I  .z .3 .4 

ACCELERATION G'S (P-P) 

-PICK- UP NO'S 

FUEL TANK NO 4 
TANGENTIAL 5g\I 5 8  

, ; 5 7 p  ;.. , 
2 -.I 0 . I  .z 

LOX TANK NO I FUEL TANK NO I 
RADIAL RADIAL 

4 

8 

7 

6 

U 
4 

. ,  
-2 - I  

-.2 -.I 0 .I .2 
U . .  

.I .2 

MTP- P&VE- S-  62- 3 _ _ ~ _ _ _ _ _  ~ . ~~ . ___ 

FIGURE 4 5 .  LATERAL BENDING MODES (PITCH PLANE) 
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YAW - 
TANKS LIFT-OFF 
MODE I= BENDING 
FREOUENCY 2.19 CPS 
DAMPING FACTOR (9 )=4.53% 8 35 
SUSPENSION 6 

MISSILE 
STATIONS, INS. 

1331 

38 

951 

054 

7 35 

506 

319 

979 

069 

189 

PICK- UP NO'S 

LOX TANK NO4 FUELTANK NO4 
YAW YAW 

i 6 - 2  1, -1  0 .I .2 

M-i 
72  -.I 0 .I .2 

t ; : : ; I . ;  I i 
-4  -3 - 2  - I  0 .I 2 3 4 

ACCELERATION G'S (P-P) 
MTP-P&VE-S- 62-3 - ___- _--- 

. 

FIGURE 46. LATERAL BENDING MODES (YAW PLANE) 



61 

31 

29-- 

27.- 

YAW - 

-- 

MISSILE 
STATIONS, INS. 

1427- 

380- 

1951 

1854 

1735 

1506 

1319 

979 

869 

' ,  189 

TANKS : LIFT-OFF 
MODE: FUEL- I (TANG.)- I= BENOING 
FREQUENCY: 2.88 CPS 
DAMPING FACTOR (9 I =  2.34%6 35 
SUSPENSION: 6 

PICK-UP NO'S 

33 

"t 
19 

I5 - 
14 

12 4 0 I .2 

t : : : ; : : : I  
-.4 73 c.2 -.I 0 .I .2 3 4 

ACCELERATION G'S ( P - P )  
MTP-P&VE-S- 62-3 - - ~  

FIGURE 47. LATERAL BENDING MODES (YAW PLANE) 



62 

31 - -  

29- 

27-- 

YAW - 
MISSILE 

STATIONS, INS. 

1367- 

1951 

1854 

1735 

1506 

1319 

' 979 

,869 

- 189 
1864 LBS 

-95 0 
L O  

TANKS: LIFT-OFF 
MODE: In CLUSTER 
FREQUENCY: 3.9 CPS 
DAMPING FACTOR (9 )= 2.99 6 8 
SUSPENSION: 6 

r P I C K - U P  NO'S 351 33 

23 

20/ LOX TANK NO4 FUEL TANK N0.4 
YAW 

? 
YAW 

t : : ; : : ; : i  
-.4 -3 -.2 -.I 0 .I .2 .3  .4 

ACCELERATION G'S (P-P) 

-' O .' .2 
72  4 0 .I .2 

MTP- P&VE- S- 62- 3 . . ~ ~  

FIGURE 48. LATERAL BENDING MODES (YAW PLANE) 

I .  



. 

31 

29- 

27-- 

63 

-- 

- YAW 

MISSILE 
STATIONS, INS. 

-+- 051 

K154 -- 

--I735 

--I506 

--I319 

-- 979 

-- 869 

687- 

20s-r 189 

TANKS : LIFT- OFF 
MODE: 2m CLUSTER 
FREQUENCY: 5.5 CDS 
DAMPING FACTOR (3 I= 1.8% (0 35 
SUSPENSION: 6 

i\ I 

r P I C K - U P  NO'S 

33 *I 

20+ LOX TANK N0.4 FUEL TANK N0.4 

1 ; ; : : :  : : i  

ACCELERATION G'S (PPI  
-.4 -3 -.2 -.I 0 .I .2 .3 .4 

MTP- PWE- S- 62- 3 

FIGURE 49. LATERAL BENDING MODES (YAW M E )  



~~ 

TANKS : LIFT-OFF 
MODE: 2aP BENDING 

DAMPING FACTOR (9 )= 1.07% @ 35 
SUSPENSION 6 

YAW FREOUENCY: 6.8 CPS 

MISSILE 
STATIQNS, INS. 7 PICK- UP NO'S 

-- 1735 

1531y-1506 

--I319 

-- 979 

-- 869 
817- 

892- 

-- 189 

31 -- 

29-- 

27.- 

I 

I I I  

-2 -I 0 .I .2 

72  4 0 .I .2 

-.4 -3 -2  -.I 0 .I .2 .3  .4 

MTP- P W E -  S- 62- 3 
ACCELERATION G'S (P-P) 

FIGURE 50. LATERAL BENDING MODES @AW PLANE) 



YAW - 

31 

29-- 

27.- 

MISSILE 
STATIONS, INS. 

-- 
161t 

1045 

669- 

280- 

1951 

1854 

1735 

1506 

1319 

979 

069 

189 
1660 LBS 

95 T r  I 

I D 

65 

TANKS LIFT-OFF 

FREQUENCY: 9.34 CDS 
MODE c 3w BENDING; ENGINE 

DAMPING FACTOR (8 )= 4.0% d 48 
SUSPENSION: 6 

r P I C K - U P  NO'S 

33 351 

2 0 7  LOX TANK NO4 FUEL TANK NO 4 

3t 
I I 

YAW 

6 

YAW 

-- 18 

t ; : ; : i : : i  
-4  -3 - 2  - I  0 .I .2 3 4 

ACCELERATION G'S (P-P) 
MTP-P&VE- S- 62- 3 

FIGURE 51. LATERAL BENDING MODES (YAW PLANE) 



66 
TANKS : LIFT-OFF 
MODE: 3 a  BENDING 
FREQUENCY: 11.7 cps 
DAMPING FACTOR (9 ) =  1.18% @ 35 
SUSPENSION: 6 

YAW - 

35-- 

33-- 

31 -- 

29-- 

27- 

23t 

20- 

5 

3- 

I 

MISSILE 
STATIONS, INS. 

-- 

-- 

r PICK-UP NO'S 

e 

r, 

1595- 

1173- 

7 8 5 -  

3 24. 

I8 -- - 4  

I 

735 

506 

319 

979 

969 

189 

1888 LBS 
95- 

t 0 

-.4 -3 -.2 -.I 0 .I .2  .3 .4 
ACCELERATION G'S (P-P) 

14 

LOX TANK N0.4 FUEL TANK N0.4 
YAW YAW 

MTP-P&VE-S- 62-3  
- ~- ~ 

FIGURE 52 .  LATERAL BENDING MODES (YAW PLANE) 
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35-- 

33-- 

31 

29-- 

27--  

YAW - 

-- 

MISSILE 
STATIONS, INS. 

1951 

1854 

1735 I 
i I349 

WNKS 10 SECS. 
MODE In BENDING 
FREOUEYCY: 2.32 CPS 

SUSPENSION. 6 
DAMPING FACTOR (9 )= 1.71 O/e 6 18 

r P I C K - U P  NO'S 

23t 
20+ LOX TANK NO4 FUELTANK NO4 

YAW YAW 1 

I 

14 
8 ' 1  I 

7 2  4 0 I 2 

I ; ; ; ; : ; : +  
-4  -3 - 2  - I  0 .I 2 3 4 

ACCELERATION G ' S  (P-P) . .  
MTP- P&VE- S- 62- 3 ---- 

FIGURE 53.  LATERAL BENDING MODES (YAW PLANE) 



68 

31 

29-- 

27-- 

YAW - 

-- 

MISSILE 
STATIONS, INS. 

328- 

951 

854 

735 

506 

319 

979 

869 

189 

1888 LBS 
95- 

1 0 

TANKS: IO SECS. 
MODE: FUEL TANK a I 
FREQUENCY: 3.03 Cps 
DAMPING FACTOR (9 )= 2 -88% 6 48 
SUSPENSION: 6 

PICK-UP NO'S 

33 

23/ i 

2 0 t  LOX TANK NO4 FUEL TANK NO 4 

l ; : ; ; : : : l  
-4  -3 -.2 -.I 0 .I .2 3 .4 

ACCELERATION G'S (P-P) 
MTP-P&VE-S- 62- 3 

FIGURE 54. LATERAL BENDING MODES (YAW PLANE) 
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YAW - 

MISSILE 
STATIONS, INS. 

1469- 

1951 

1854 

1735 

1506 

1319 

979 

069 

189 

1862 LBS 
95 0 
0 

TANKS- IO SECS. . 
MODE- I= CLUSTER 
FREQUENCY: 4.02 CpS 

SUSPENSION: 6 
DAMPING FACTOR (9 )=2.0% d I8 

r PCK- UP NO'S 

35 t 
33 t 
31 t 

I 
29 t 

27t \ 

I 
23t 

20f LOX TANK NO4 FUELTANK NO4 
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I PREDICTED SUSPENSION CABLE CHARACTERISTICS FOR SA-D5 DYNAMIC TESTS 

The curves p l o t t e d  i n  FIGURE A - 1  show the  p red ic t ed  f i r s t  
and second vehic le  resonant  bending f requencies  ( t h e  o rd ina te )  toge ther  
w i th  expected cable  f requencies  versus  cab le  t ens ion  f o r  va r ious  time 
condi t ions  and suspension systems ( four  o r  e i g h t  l i f t i n g  p o i n t s ) .  The 
cable  f requencies  are seen t o  go above both the  f i r s t  mode a t  a l l  cond- 
i t i o n s  and a l l  t he  second modes, except  w i th  an  empty boos ter .  Th i s  
l a r g e  increase i n  cable  frequency i s  c rea t ed  by having t h e  lower connect-  
ing l i n k  fas tened  r i g i d l y  t o  t h e  v e h i c l e  becoming an  i n t e g r a l  p a r t  of t h e  
t a i l  assembly, thereby shor ten ing  t h e  cab le  and decreas ing  the  e f f e c t i v e  
moving cable  weight, t he  former having the  g r e a t e s t  in f luence  i n  r a i s i n g  
the  frequency. 

APPENDIX 

I n  the  event t h a t  some cab le  f requencies  co inc ide  wi th  v e h i c l e  
resonant  bending frequencies  because of t he  i n a b i l i t y  t o  p r e d i c t  t he  
mul t i tude  of resonant  p o i n t s  e x i s t i n g  i n  t h i s  frequency range a device ,  
r e f e r r e d  t o  as a cable  f l e x u r e ,  can be i n s t a l l e d  near  t he  midpoint of 
each cable .  Cable f l exures  are made so as t o  r i g i d l y  f i x  t h e  midpoint 
of t he  cab le  i n  a r a d i a l  and t a n g e n t i a l  d i r e c t i o n  bu t  have n e g l i g i b l e  
e f f e c t  on t h e  lateral s t i f f n e s s  of t h e  o v e r a l l  suspension system. Th i s  
makes it  poss ib le  t o  tune t h e  cable  resonant  frequency away from a 

I v e h i c l e  frequency. 

A shor t  test  program was conducted using cab le  f l e x u r e s  on t h e  
SA-Dl t e s t  setup.  It was found t h a t  t he  f l e x u r e s  were capable  of r a i s i n g  
t h e  cable  f requencies  approximately 0.5 cps  wi th  n e g l i g i b l e  e f f e c t  on t h e  
gain through t vehic le .  This  frequency change would be s u f f i c i e n t  t o  
remove t h e  e f f e c t s  of cab le  resonance on v e h i c l e  resonance because both  
veh ic l e  and cables  have very sharp resonant  peaks and narrow band widths  
of e x c i t a t i o n .  

9 
L 

Cable frequency response curves p l o t t e d  i n  FIGURE A - 2  show 
both the  increase i n  frequency and decrease i n  cable  amplitude from a 
tes t  without f l e x u r e s  t o  a tes t  us ing  them. 
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100 8.65 10-4 9.23 

94 0 5.54 5.64 

1765 10.28 x 10.26 x - 

Rate gyro output ,  w i th  and without cab le  f l e x u r e s ,  f o r  t h r e e  
l o c a t i o n s  on t h e  vehicle and a n  average inc rease  i n  response of 3.0 
p e r c e n t  i s  found with t h e  f l e x u r e s  are  given below. 

RATE GYRO OUTPUT VS VEHICLE STATION 
WITH AND WITHOUT CABLE FLEXURES 

Cable  f l e x u r e s  of  a known spring constant  would be  used and t h e i r  
e f f e c t  on t h e  e n t i r e  suspension system could be evaluated mathematically,  
i f  i t  became necessary.  

c 
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